The composition of In x Ga 1 − x N nanorods grown by molecular beam epitaxy with nominal x = 0.5 has been mapped by electron microscopy using Z-contrast imaging and x-ray microanalysis. This shows a coherent and highly strained core-shell structure with a nearatomically sharp boundary between a Ga-rich shell (x ∼ 0.3) and an In-rich core (x ∼ 0.7), which itself has In-and Ga-rich platelets alternating along the growth axis. It is proposed that the shell and core regions are lateral and vertical growth sectors, with the core structure determined by spinodal decomposition.
Introduction
Blue and blue-green light emitting diodes (LEDs) based on GaN/In x Ga 1 − x N quantum-well structures (x < 0.2) are commercially well established [1] . However, In x Ga 1 − x N maintains the hexagonal wurtzite structure throughout its composition range, and has a direct bandgap ranging from 3.4 eV (x = 0) to 0.7 eV (x = 1), which covers the visible spectrum. This has led to great interest in producing GaN/ In x Ga 1 − x N LEDs which work efficiently at higher In content, i.e. at longer wavelengths [2] , as well as higher In content alloys for applications such as solar cells [3] . However, the efficiency of these devices falls significantly as the In content increases. This reflects a combination of factors, which include decreasing material quality, due to high densities of threading and point defects, and reduced radiative recombination of carriers due to high internal electric fields which result from growth of strained InGaN layers on the polar {0001} planes in GaN [4, 5] . One solution has been to grow (0001)-oriented nanorod arrays, which have few or no defects, and to use these arrays either as a precursor for low defect-density overlayers [6] , or as a basis for nanorod LEDs [7] . An alternative approach has been to grow field-free devices on the non-polar sidewalls of nanorods, generating 3D LEDs [8] .
To facilitate these advances, the growth of In x Ga 1 − x N nanorod arrays with high In content is of interest. However, the growth of alloy nanorods is inherently complicated as we need to consider growth on at least two surfaces, the polar (0001) and non-polar {10-10} side facets, where the mobility and desorption rates of In and Ga may differ. In addition, it is known that In x Ga 1 − x N is thermodynamically unstable, owing to the large difference in lattice parameter between GaN (a = 0.319 nm, c = 0.519 nm) and InN (a = 0.354 nm, c = 0.570 nm) [9] . Phase separation or spinodal decomposition should be suppressed in thin films owing to elastic constraints, but has been reported for high In content layers [10] . However, decomposition is more likely in nanostructures, where elastic relaxation is possible, and has been observed recently in Stranski-Krastanov islands [11, 12] .
Studies of the growth of In x Ga 1 − x N nanorods have suggested that growth is indeed complex. There is evidence of compositional variations both in the radial direction and parallel to the growth axis. Cai et al [13] reported that In x Ga 1 − x N nanorods grown by chemical vapour deposition had a Ga-rich shell and an In-rich core; they proposed this resulted from spontaneous phase segregation. Similar coreshell structures have also been reported in GaN/In x Ga 1 − x N nanorods by several groups, although the interpretation is complicated by the additional in-plane mismatch strains, as well as possible migration of species between layers and changes in growth conditions. Tourbot et al [14] reported Garich shells in GaN/In x Ga 1 − x N nanorods with an In x Ga 1 − x N segment grown on a GaN nanorod base, and proposed that this depended on a combination of preferential absorption of Ga on the sidewalls and segregation of In on the [0001] growth surface to reduce mismatch strains. For nanorods grown in the [000-1] direction with GaN/In x Ga 1 − x N superlattices, Kehagias et al [15] found a limited In content in the core, and suggested that this resulted from reduced In incorporation on [000-1] facets compared with the surrounding semi-polar facets.
This paper uses compositional profiling in the scanning transmission electron microscope (STEM) to examine the growth of In 0.5 Ga 0.5 N nanorods by plasma-assisted molecular beam epitaxy (PA-MBE). It is shown that the nanorods have a pronounced core-shell structure with a Ga-rich shell and Inrich core, with a near-atomically sharp boundary between the shell and core regions. The In-rich core is itself separated along the growth direction into alternating In-rich and In-poor regions. It is argued that the core-shell structure arises owing to growth on different facets, i.e. different growth sectors, and that the compositional variation in the core is due to phase separation.
Experimental
The In 0.5 Ga 0.5 N nanorods were grown in a Varian ModGen II MBE system, with active nitrogen provided by an HD25 RF activated plasma source. Growth was carried out directly onto p-Si(111) substrates at substrate temperatures of 400-500°C. These low substrate temperatures (which compare to about 800°C for GaN growth) were required to reduce desorption of the more volatile In species. The substrate was rotated at 10 revolutions min Transmission electron microscopy (TEM) was carried out on cross-sectional samples prepared by mechanical polishing and Ar + ion thinning at 5 kV, with a final polish at 3 kV. Plan-view samples were also prepared by gluing together wafers using a conducting epoxy resin and cutting a thin section from the interfacial region using a dual-beam focussed ion beam microscope with Ga + ion thinning at 30 kV, followed by a final polish at 5 kV.
Results and interpretation Figure 1 shows a bright field image of a cross-sectional sample taken at 200 kV in a Philips EM430 TEM. The nanorods show bend contours, but no evidence of threading dislocations. Some of the nanorods show cracks both on and perpendicular to the basal plane, a feature that was also observed on samples prepared by scraping nanorods directly onto a holey carbon film, suggesting that cracking is an inherent feature rather than a thinning artefact. Figures 2 and  3 show plan view and cross-sectional samples respectively, imaged by STEM in a Titan G2 ChemiSTEM microscope operated at 200 kV with probe current of 300 pA and a convergence angle of 21 mrad. High-angle-annular dark-field (HAADF) images and energy dispersive x-ray (EDX) maps were recorded in parallel, the latter using the ChemiSTEM's four silicon drift detectors with a total collection solid angle of 0.7Sr. Quantification of EDX spectra was performed using a Cliff Lorimer approach within the Bruker ESPRIT software. figure 2(c) , corrected for absorption due to a film thickness of 25 nm measured by convergent beam electron diffraction. The linescans give average In compositions x = 0.34 ± 0.04 and x = 0.69 ± 0.03 for the shell and core respectively, and no change in the N content across the core-shell boundary. The results also suggest an extremely sharp boundary between the core and shell regions, with the apparent boundary width ∼1-2 nm comparable to the spatial resolution of about 1 nm for the EDX maps, estimated by considering the interaction volume for a 25 nm thick sample and the convergence semiangle of 21 mrad (ignoring electron channelling). Figure 3 shows HAADF images of a cross-sectional sample. Considering the arrowed nanorod in figure 3(a) , as a typical example from observations of more than 20 nanorods, the core region shows bright and dark bands alternating along
[0001] with a period of around 6 nm. In contrast, the shell shows uniform contrast. As HAADF images show contrast due predominantly to inelastic scattering, with intensity varying approximately as Z 2 , where Z is the atomic number, the brighter bands correspond to regions richer in In. This was confirmed by EDX mapping, although quantitative measurements of the Ga/In ratio in the core were not possible owing to the sandwich nature of the sample. Figures 3(b) , (c) show higher magnification images. Figure 3(b) illustrates a surface crack which has extended into a Ga-rich region in the core. Figure 3(c) shows 0.27 nm fringes corresponding to the (0002) planes more clearly. These are the fine scale oscillations in the corresponding intensity line profile ( figure 3(d) ), which indicates that the boundaries between In-rich and Garich regions are no wider than 1 nm.
The growth of nanorods in catalyst-free conditions, as here, is still uncertain. It is widely believed that the very Nrich conditions help to bond Ga and the more volatile In, and that adatom diffusion from the sidewalls to the (0001) surface promotes fast vertical growth. However, an alternative geometrical model, which explains the MBE growth of GaN nanorods, assumes no diffusion, or desorption, giving an aspect ratio which depends on the angle of inclination of the metal sources [16] . The results here throw new light on the growth mechanism. The sharp boundary between the shell and core, and the fact that the shell does not show structural changes along [0001], strongly suggests that it is a lateral growth sector. In figure 2 , the In concentration in the shell (34%) is lower than expected from the adatom arrival rate (50% In, 50% Ga), suggesting an increased loss of In on the non-polar facets due to desorption or migration to the top surface. However, the average In concentration in the core (69%) is also greater than expected. This implies that there is a net influx of In from the sidewalls to the top surface. The possibility that composition modulations in the core are related to periodic fluctuations in In or Ga flux during sample rotation in the growth chamber can be discounted, as the growth rate along [0001], ∼0.2 nm per revolution, is much less than the modulation period (6 nm). Instead these modulations can be explained by spinodal decomposition. The general observation was that compositional modulations extended to the (0001) top surface of the nanorods, and thus probably formed at or close to the growth surface rather than during subsequent annealing. The phase diagram suggests that, without strain, decomposition should be into near phase pure GaN and InN [17] . Layer strains should reduce this composition difference, as shown using density functional theory [18, 19] . For example, Gan [18] gives 80% In, 7% In as the two spinodal compositions at 500°C. More insight into the composition of the core can be obtained by photoluminescence (PL). Figure 4 shows a PL spectrum recorded at 60 K and corrected for detector response. The spectrum up to 900 nm was recorded using a 325 nm HeCd laser and Si CCD detector and above 900 nm (lower noise region) using a 532 nm Ti-sapphire laser with Ge photodiode detector. The spectrum shows two very broad peaks with maxima at about 570 nm and 930 nm, which can be tentatively ascribed to band edge recombination in regions of different composition. Ignoring localization and strain effects, the main peak maxima correspond to In content x = 0.31 (570 nm) and x = 0.60 (930 nm), consistent with recombination in the shell and in the core respectively. For the core, the scale of the compositional fluctuations is comparable to the exciton Bohr radius ∼3 nm [20] , implying that the PL is dominated by carrier migration to, and subsequent recombination in, the regions of highest In content, i.e. regions with the lowest band energy. The PL emission extends to about 1000 nm in the long wavelength limit, which gives an upper limit for the In content of about x = 0.69. Given that there should be little carrier recombination associated with the Ga-rich platelets, it is not possible to directly use the shorter wavelength PL emission to gain information on their In content. However, the contrast of the Ga-rich platelets, as seen in HAADF images, is generally lower than that in the remaining core and shell regions, implying that the In content is probably less than that in the shell. Hence, taking the lower limit of around 500 nm in the PL emission as due to the shell, we can tentatively place an upper limit on the In content of x = 0.23 for the Ga-rich platelets.
The fact that the nanorods are free of mismatch defects shows that they are under considerable mismatch strain. Given that the lattice parameters of InN and GaN differ by about 10% both in and perpendicular to the basal plane, the average mismatch between the core and shell regions in figure 2 is about 3.7%. As the volume ratio V shell :V core is around 1.5, this is shared between tensile strain in the shell and compressive strain in the core, such that the maximum strain (in the core in this case) is about 2.2%. This differs for different nanorods as both the composition profile, and V shell : V core , differ significantly (see figure 2(b) ). As the shell is under tensile stress, cracks will tend to propagate from the surface. In the absence of surface defects, this requires the tensile stress to be comparable with the theoretical strength, equivalent to roughly a 10% strain, but much lower at surface irregularities owing to stress concentration [21] . Once formed, cracks should, as observed, tend to extend beyond the shell into the Ga-rich platelets in the core which should be under tension with respect to the shell.
Conclusions
In summary,the results throw new light on the growth of In 0.5 Ga 0.5 N nanorods by low temperature MBE, showing clearly that there are both lateral and vertical growth sectors where the rates of incorporation of In and Ga are different. There is also clear evidence of spinodal decomposition in the In-rich core into alternate In-rich and Ga-rich regions. Estimates of the compositions in these regions are consistent with the equilibrium phase diagram. More generally, our results suggest that a core-shell growth mode should occur over a range of compositions, including perhaps the binaries, GaN and InN. With devices in mind, this implies further that incorporation of dopants as well as alloy species may differ in the shell and core regions.
